Bacillus cereus is associated primarily with cases of foodborne gastrointestinal illnesses that are usually self-limiting and are rarely life-threatening. In that context, B. cereus has not generally been regarded as an important pathogen and is commonly dismissed as a laboratory contaminant. In the past several years, however, nongastrointestinal B. cereus infections have been reported with increasing frequency, perhaps because of an increasing awareness of the pathogenic potential of this saprophyte. B. cereus has been isolated as the causative agent of severe cases of septicemia, endocarditis, pneumonia, cutaneous infections, orthopedic infections, meningitis, and traumatic wound infections (2, 21, 23, 24, 34, 37, 39) . The majority of reported cases of B. cereus nongastrointestinal disease occurred in immunocompromised individuals, patients with indwelling or prosthetic devices, or patients with traumatic injury (21, 34, 37, 39) .
B. cereus ranks as a leading cause of posttraumatic endophthalmitis, a potentially blinding infection of the tissues of the interior of the eye, resulting from intraocular contamination during surgery or penetrating injury (1, 7, 30, 36, 41) . B. cereus is also a leading cause of endogenous endophthalmitis, usually as a complication of high-grade bacteremia in patients with prolonged indwelling devices or intravenous drug abusers (11, 32) . In contrast to its limited virulence at other anatomical sites, the course of B. cereus endophthalmitis is extremely explosive; it is characterized by the destruction of the posterior segment of the eye, with severe pain and a rapid decline in visual acuity within 1 to 2 days (25) . A characteristic corneal ring abscess occurs in most cases. Severe edema and spread of the infection into adjacent tissues are common findings in severe cases. B. cereus endophthalmitis usually results in loss of all useful vision (12, 17, 25) .
Toxin production has been hypothesized to be central to the severity of B. cereus endophthalmitis (11, 12, 32, 40) . B. cereus produces a number of cytotoxins and enzymes that could contribute to the rapid course and severity of endophthalmitis, including hemolysins, lipases, enterotoxins, and proteases (12, 13, 38) . Initial interest in B. cereus as a diarrheal food poisoning agent led to the characterization of a vascular permeability factor, termed hemolysin BL. Hemolysin BL is a tripartite enterotoxin, consisting of a binding component (B) and two lytic components (L 1 and L 2 ), encoded by the hblA, hblD, and hblC genes, respectively (16, 28) . The hemolytic, vascular permeability, and enterotoxic activities of hemolysin BL require all three components for maximum activity, with initial binding of the component B and subsequent addition of L 1 and L 2 (4) . Characterization of hemolysin BL led to its implication in the pathogenesis of B. cereus endophthalmitis (4, 5) . Using an in vitro retinal button toxicity assay and in vivo vitreal injections of sterile culture supernatants and purified hemolysin BL, Beecher et al. (5) demonstrated that B. cereus exotoxins, including hemolysin BL, can cause ocular toxicity.
To study the host-parasite interactions in infections caused by organisms of considerable public health importance that do not fit paradigms established for traditional pathogens, such as Enterococcus faecalis and Staphylococcus aureus, we developed a rabbit endophthalmitis system (8, 9, 18, 19) . This system is exquisitely sensitive, as infections can be established routinely with 10 to 100 organisms. Moreover, because of the clarity of the visual tract, repeated microscopic and electrophysiologic measurements can be made nondestructively, allowing differences in the pathogenesis of infection by nontraditional pathogens to be assessed noninvasively with precision. Because of the importance of eye infections due to B. cereus, this system for analysis provided a particularly appropriate launching point for examining the contribution of known and putative B. cereus toxins to the pathogenesis of nongastrointestinal infection.
In this report, we describe the generation of a hemolysin BL-deficient allelic replacement mutant of B. cereus and comparison of its virulence with that of the wild-type parental strain, using the endophthalmitis system. The results show that hemolysin BL is not required for the fulminant and destructive course of infection, as assessed with this in vivo system.
(This work was presented in part at the 99th General Meeting of the American Society for Microbiology, 30 May to 3 June 1999, Chicago, Ill.)
MATERIALS AND METHODS
Bacterial strains and plasmids. The B. cereus strain used in these studies was isolated locally from a pediatric case of posttraumatic endophthalmitis that resulted in the ultimate surgical removal of the eye. This strain (MGBC145) produces hemolysin BL (5). Unless otherwise specified, bacterial strains were grown in brain heart infusion medium (BHI; Difco, Detroit, Mich.) with appropriate antibiotic selection. The relevant properties and sources of all bacterial strains and plasmids used in this study are summarized in Table 1 .
DNA techniques. B. cereus MGBC145 chromosomal DNA was isolated by phenol-chloroform extraction and CsCl gradient purification (29) , and an internal fragment of the hemolysin BL operon was amplified by PCR as follows. PCR mixtures of 100 l contained 25 ng of genomic DNA, 0.2 mM deoxynucleoside triphosphates Mg-free thermophilic DNA polymerase buffer (10ϫ; Promega Corp., Madison, Wis.), 2.0 mM MgCl 2 , 0.5 mM of each primer (listed below), and 0.025 U of TaKaRa LA Taq polymerase (PanVera Corp., Madison, Wis.). Primers for amplification of the internal hemolysin BL fragment were derived from published sequences (GenBank accession no. L20441 and U63928) as follows: hblC forward primer with an EcoRI restriction site (underlined) incorporated into the 5Ј end, GAATTCCAGCTAGAGGAAGTCCCAGC; and hblA reverse primer with a PstI restriction site (underlined) incorporated into the 5Ј end, CTGCAGCAATATGCCCTAGAACGCCCG (Integrated DNA Technologies, Coralville, Iowa) (16, 28) . The hemolysin BL fragment was amplified from B. cereus genomic DNA under the following conditions: hot-start denaturation for 1 min at 94°C, then 35 cycles of 1 min at 95°C, 1 min at 60°C, and 3 min at 72°C, followed by 10 min at 72°C. The amplified hemolysin BL fragment was resolved on a 1.0% low-melting-temperature agarose gel and purified by using GeneClean (BIO 101, Inc., Vista, Calif.).
DNA manipulations and Southern blot analyses were performed essentially as described by Sambrook et al. (29) . Unless otherwise specified, all plasmids were propagated in E. coli strain JM110 (dam dcm). Plasmid DNA was prepared with the Wizard Mini-Prep DNA purification kit (Promega) according to the manufacturer's instructions.
B. cereus transformation was performed essentially as described by Masson et al. (22) , with minor modifications. Briefly, B. cereus MGBC145 was rendered electrocompetent by growth to mid-logarithmic phase (optical density at 650 nm [OD 650 ] of 0.3 to 0.6) in BHI and stepwise concentration of 10 10 CFU/ml in chilled 10% glycerol. Electrocompetent cells were stored at Ϫ70°C for up to 1 month. For electroporation, 40-l aliquots of cells were thawed on ice, plasmid DNA (10 g) was added, and the suspension was immediately transferred to a chilled 0.2-cm-gap electroporation cuvette. Cells were pulsed at 2.0 kV for 4.7 s (Bio-Rad [Hercules, Calif.] Escherichia coli Pulser). After pulsing, 1.0 ml of SOC medium (29) was added to the cells for recovery (2 h, 28°C), and 500-l aliquots were plated onto BHI supplemented with 400 erythromycin (g/ml) and kanamycin (75 g/ml). Transformants were subcultured onto BHI supplemented with 2.5% (vol/vol) sheep erythrocytes and erythromycin plus kanamycin. Erythromycin-and kanamycin-resistant (Erm r Kan r ) colonies identified with a loss of the discontinuous hemolytic zone (6) were chosen for further analysis.
Phenotypic assessment of B. cereus strains. Phenotypic profiles of the parental (hemolysin BL-expressing [HBL ϩ ]) and hemolysin BL-deficient (HBL Ϫ ) strains were assessed biochemically. Cytolytic activities of culture supernatants were assessed based on sheep erythrocytes and a hemolysis readout. Briefly, twofold serial dilutions of overnight culture supernatants were incubated with an equal volume of 4% (vol/vol) sheep erythrocytes in phosphate-buffered saline for 30 min, and the OD 540 was measured. The hemolytic titer was determined as the dilution of supernatant exhibiting 50% hemolysis.
Hemolysin BL production was detected by the formation of a discontinuous zone of hemolysis surrounding isolated colonies on 2.5% sheep erythrocyte agar (6) . The dermonecrotic ability of hemolysin BL was also tested in the vascular permeability assay (38) . Briefly, late-logarithmic-phase culture supernatants were concentrated by ammonium sulfate precipitation, and 50-l aliquots were injected intradermally. At 3 h postinjection, Evans blue dye (1 ml of a 2% solution/kg of body weight) was injected intravenously. Intradermal injection sites were observed every 15 min for 4 h; an area of bluing surrounding a necrotic center at the injection site indicated vascular permeability (38) .
Phospholipase C and sphingomyelinase activities, indicating cereolysin AB production, were assessed by egg yolk agar turbidity and the chromogenic trinitrophenolaminolauroyl (TNPAL)-sphingomyelinase assay, respectively (14) . Proteolytic activity was identified by lytic zones surrounding isolated colonies on casein agar.
Experimental B. cereus endophthalmitis. New Zealand White rabbits (2 to 3 kg) were maintained in accordance with institutional guidelines and the Association for Research in Vision and Ophthalmology Statement on the Use of Laboratory Animals in Ophthalmic Research. Prior to intravitreal injection, eyes were dilated with topical 1% tropicamide and 2.5% phenylephrine HCl. Rabbits were anesthetized by intramuscular injection of ketamine (Ketaved; Phoenix Scientific Inc., St. Joseph, Mo.; 35 mg/kg of body weight) and xylazine Rompun; Bayer Corp., Shawnee Mission, Kans.; 5 mg/kg of body weight). Topical anesthesia (0.5% proparacaine HCl [Ophthetic; Allergan, Hormigueros, Puerto Rico]) was also applied.
With the aid of a binocular surgical microscope, eyes were immobilized with iris forceps, and 100 l of aqueous humor withdrawn to relieve intraocular pressure before injection. Inocula (10 2 CFU of either the HBL ϩ or HBL Ϫ strain in 100 l of BHI with or without 25 g of erythromycin per ml) were delivered by slow infusion into the midvitreous via a 30-gauge needle attached to a 1.0-ml syringe introduced through the pars plana, approximately 3 mm from the limbus of one eye of each rabbit. The contralateral eye was injected with either BHI or BHI supplemented with 25 g of erythromycin per ml (surgical controls) or was left undisturbed (absolute control) (8) (9) (10) 18) . At various times after infection, the following parameters of infection and organ function were quantified: (i) slit lamp biomicroscopy, (ii) electroretinography (ERG), (iii) intraocular bacterial quantitation, (iv) quantitation of inflammatory cells and total protein in aqueous humor, and (v) thin-section histology. The inoculum was quantified retrospectively by plating triplicate serial 10-fold dilutions on BHI (20) .
Slit lamp examination. Rabbits were observed in a Topcon SL-5D slit lamp biomicroscope (Kogaku Kikai K.K., Tokyo, Japan) prior to injection and again following injection at 3, 6, 12, and 18 h. Ocular inflammation was scored by masked independent observers, using scoring criteria for progressive inflammation of the cornea, anterior chamber, vitreous, and retina as described in Table  2 .
ERG. ERG was used to measure the ability of the retina to respond to a single low-intensity flash (one flash per second), and the resulting B-wave response (in millivolts) was measured. After dilation and 30 min of dark adaptation, baseline B-wave amplitude was recorded for each eye, using scotopic bright-flash ERG (EPIC-2000; LKC Technologies, Inc., Gaithersburg, Md.) at time points 24 h prior to injection and again following injection at 3, 6, 12, and 18 h. B-wave amplitude for each time point represented the average of 14 repeated measures. Percent loss of retinal function was calculated as [1 Ϫ (experimental B-wave amplitude/baseline B-wave amplitude)] ϫ 100 (8) (9) (10) 18) .
Bacterial enumeration. To enumerate organisms in the vitreous, globes were enucleated, rinsed with sterile phosphate-buffered saline and placed cornea side up on sterile gauze. The cornea, iris, and lens were removed aseptically. The vitreous was then removed with a sterile pipette, its volume was measured, and the tissue was homogenized (60 s, 5,000 rpm; Mini-BeadBeater, Biospec Products, Bartlesville, Okla.) to reduce viscosity. Bacteria in the vitreous were quantified by plating serial 10-fold dilutions in triplicate on BHI. Colonies (50 or more) recovered from vitreous were replica plated onto 2.5% sheep blood agar to confirm the hemolysin BL phenotype of the infecting strains.
Anterior segment inflammation. Anterior segment inflammation was analyzed by (i) enumeration of infiltrating inflammatory cells in anterior chamber fluid, using a hemocytometer, and (ii) quantification of total protein in anterior chamber fluid, using a bicinchoninic acid protein assay kit (Pierce Co., Rockford, Ill.).
Thin-section histopathology. All globes recovered for histopathological analysis were fixed in 10% formalin for 24 h. Eyes were sectioned and stained with either hematoxylin and eosin or Brown & Hopps tissue Gram's stain following standard procedures (33) . Stained tissue sections were analyzed by masked observers, using scoring criteria as summarized in Table 2 .
Statistical analysis. All values represent the mean Ϯ standard deviation for Ն4 eyes per time point assayed unless otherwise specified. Wilcoxon's rank sum test was used for statistical comparison between groups. A P value of Ͻ0.05 was considered significant.
RESULTS

Construction of p⌬HBL.
The construction of p⌬HBL is illustrated in Fig. 1 . PCR amplification of B. cereus MGBC145 chromosomal DNA with hemolysin BL-specific primers (hblC and hblA) generated a 3.3-kb DNA fragment containing 966 bp from the 5Ј end of hblC, the entire hblD gene (1,154 bp), and 760 bp of the 3Ј end of hblA, with synthetic EcoRI and PstI restriction sites at its 5Ј and 3Ј ends, respectively (Fig. 1A) . The amplified fragment was ligated into the multicloning region of pKRX at the EcoRI and PstI sites, resulting in a 6.3-kb plasmid (pKRX-hbl). Sequencing of pKRX-hbl confirmed the identity of the hemolysin BL fragment (3).
Disruption of the hemolysin BL fragment of pKRX-hbl with the ermAM gene of pUC18-ermAM (provided by J. Ferretti, University of Oklahoma Health Sciences Center, Oklahoma City) was then performed. pUC18-ermAM was restricted with BamHI/KpnI, and a 1.1-kb fragment containing ermAM was recovered. In parallel, pKRX-hbl was restricted with Eco47III and PacI, resulting in a 4.7-kb fragment containing the 3Ј end of hblC, an intact pKRX, and the 5Ј end of hblA (truncated forms of hblC and hblA are designated as CЈ and AЈ, respectively, in Fig. 1A ). The recovered fragments were then ligated via blunt-end ligation, creating pKRX-hbl::erm R (5.8 kb) (Fig.  1A) . Completely obscured a Rabbit eyes were observed by slit lamp biomicroscopy, and histological sections were analyzed. Scoring was performed by masked independent observers before and at various time points during infection (26, 27) .
The temperature-sensitive vector pCASPER (3.5 kb) was created by ligating an inverse PCR fragment of pTV1OK (15) containing the repA(Ts) gene (for conditional replication in gram-positive organisms and in E. coli) and the Kan r marker (aphA3) into the multicloning region of p3ERM (Fig. 1B) . The temperature-sensitive hemolysin BL knockout plasmid (p⌬HBL) was created by digesting both pCASPER and pKRX-hbl::erm R with EcoRI/PstI and ligating the appropriate fragments (3.3 kb of pCASPER and 2.9 kb of pKRX-hbl::erm R ) to generate p⌬HBL (6.2 kb) (Fig. 1C) .
Generation of the hemolysin BL-deficient allelic replacement mutant. Transformation of B. cereus MGBC145 with p⌬HBL and incubation for 24 h at 28°C yielded two Erm r Kan r colonies. Resistance to erythromycin and kanamycin indicated integration of the entire plasmid into the chromosome of these strains. Replica plating onto sheep blood agar with and without selective antibiotics and incubation at 37°C revealed that neither strain exhibited the discontinuous zone of hemolysis associated with the Hbl Ϫ phenotype and that this mutation was stable at 37°C. The first mutant (strain CJ145-1) was chosen for further analysis.
To generate an HBL Ϫ mutant containing the erm marker specifically within the hemolysin BL operon (instead of insertion of the entire p⌬HBL plasmid), CJ145-1 was cultured in BHI supplemented with 100 g of erythromycin per ml to maintain selection for the interrupted hbl operon, at elevated temperatures to facilitate plasmid curing (18 h at 42°C) (15) . The resulting cultures were serially diluted and plated for isolation on BHI agar supplemented with 100 g of erythromycin per ml and then cultured for an additional 18 h at 42°C. Isolated colonies (approximately 100) were replica plated on BHI agar supplemented with either erythromycin (100 g/ml) or kanamycin (50 g/ml) and incubated overnight at 37°C. A single Erm r Kan s clone (strain CJ145-1.1) was recovered for further analysis. Kanamycin susceptibility indicated excision of the pCASPER vector by a second recombination and loss by temperature-induced curing.
PCR amplification of the hemolysin BL genes in chromosomal DNA preparations of B. cereus MGBC145 and CJ145-1.1 revealed that the HBL Ϫ mutant contained the deleted 2.8-kb hemolysin BL PCR fragment, compared to a 3.3-kb fragment from the wild-type strain. Since construction of pKRX-hbl::erm R involved deletion of a 1.6 kb Eco47III/PacI fragment and insertion of the 1.1-kb erythromycin marker, the isogenic HBL Ϫ mutant had a corresponding amplified hemolysin BL fragment that was 0.5 kb smaller than that in the wild type ( Fig. 2A) .
Southern blot hybridization of EcoRI-digested chromosomal DNA from strains MGBC145 and CJ145-1.1 was performed with 33 P-labeled pKRX-hbl and pUC18-ermAM as probes (Fig. 2B) . The hbl probe hybridized to chromosomal fragments of approximately 5.7, 2.5, and 1.3 kb in the wild-type strain. The 5.7-kb hbl-hybridizing fragments observed in the present study corroborates previous findings (16) . An additional 4.0-kb hbl-hybridizing fragment has been reported for a different B. cereus strain (20) , which may correlate with the 2.5-and 1.3-kb hbl-hybridizing fragments observed. These results suggest that MGBC145 may contain two EcoRI sites within hbl, accounting for the three hbl-hybridizing EcoRI fragments observed. The erm probe did not hybridize to chromosomal DNA from the wild-type strain. A single approximately 9.3-kb fragment of CJ145-1.1 hybridized to both the hbl and erm probes, indicating an insertion event resulting from replacement of the internal hbl fragment with ermAM. The two smaller hbl-hybridizing fragments observed in the wild type were lost in CJ145-1.1, indicating replacement of two EcoRI restriction sites with the ermAM marker. Strain CJ145-1.1 was used for subsequent in vivo studies and will be designated the HBL Ϫ mutant. Phenotypic assessment. Results of the phenotypic assessment of the wild-type HBL ϩ strain and the HBL Ϫ mutant are summarized in Table 3 . The two strains differed only in hemolysin BL activities, as measured by several criteria. The hemolytic titer of the HBL Ϫ mutant for sheep erythrocytes was significantly less than that observed for the HBL ϩ strain. Isolated colonies of both strains exhibited comparable hemolytic zones adjacent to each colony on sheep erythrocyte agar. However, the characteristic hemolysin BL-mediated discontinuous zone of hemolysis surrounding isolated HBL Ϫ colonies was absent (Fig. 3A) . Similarly, concentrated supernatants of the HBL Ϫ mutant did not induce the vascular permeability reaction observed with supernatants of the HBL ϩ strain (Fig. 3B ). These results indicated that hemolysin BL was indeed not functional in the HBL Ϫ mutant. The cereolysin AB and proteolytic activities of the HBL ϩ and HBL Ϫ strains were not different (Table 3) .
Experimental B. cereus endophthalmitis. Reproducible endophthalmitis was achieved by intravitreal injection of 215 Ϯ 3) and CJ145-1.1 (lanes 2 and 4) were digested with EcoRI, and fragments were separated on a 0.8% agarose gel. Lanes 1 and 2 were probed with 33 P-labeled pKRX-hbl. Lanes 3 and 4 were probed with 33 P-labeled pUC18-ermAM. MW, molecular weight markers.
27 CFU of the wild-type HBL ϩ B. cereus strain. A very rapid and intense inflammatory response beginning as early as 3 h was observed. Mild to moderate conjunctival inflammation and 10 to 20 inflammatory cells per microscopic field were present in the anterior chamber. All eyes had a normal fundus reflex. At 6 h postinfection, inflammatory symptoms progressed, with a haze developing in the vitreous and a decrease in fundus reflex. From 12 to 18 h, inflammatory symptoms were severe in all animals, with anterior chamber hyphema, severe iritis, significant inflammatory cell infiltration into the vitreous, and no fundus reflex. Gross examination of enucleated globes and surrounding tissues showed severe inflammation of periorbital tissues at 12 and 18 h postinfection. Because of the extensive panophthalmitis evident at 18 h, infections were not allowed to progress further. Sham-injected eyes were indistinguishable from uninjected eyes by slit lamp biomicroscopy.
Experimental hemolysin BL-deficient B. cereus endophthalmitis. The inflammatory changes observed with eyes infected with 195 Ϯ 30 CFU of the HBL Ϫ mutant were similar to those observed in eyes infected with the HBL ϩ strain at all time points except 6 h. Eyes infected with the HBL Ϫ mutant showed minimal conjunctival inflammation and no anterior chamber inflammatory cells present in four of six eyes at 6 h. The remaining two eyes exhibited infiltration of 5 to 10 inflammatory cells per microscopic field present in the anterior chamber, and a slight reduction of the fundus reflex. After 12 h, however, eyes infected with the HBL Ϫ mutant were indistinguishable from eyes infected with the HBL ϩ strain. Shaminjected eyes were indistinguishable from uninjected eyes by slip lamp biomicroscopy.
In vitro and in vivo growth of HBL ؉ and HBL ؊ strains. Growth of the HBL ϩ strain and that of the HBL Ϫ mutant in BHI were similar. The patterns of intraocular growth of the HBL ϩ and HBL Ϫ strains were also similar at each time point assayed (P Ն 0.21) (Fig. 4A) . Each strain grew logarithmically until approximately 12 h, after which a stationary phase of growth was maintained at 10 8 CFU/ml until the termination of the experiment.
Anterior segment inflammation. There were no significant differences in anterior segment inflammation in terms of inflammatory cells per milliliter of aqueous humor (P Ն 0.21) (Fig. 4B) or total protein concentration per milliliter of aqueous humor (P Ն 0.38) (Fig. 4D ) throughout the course of infection. Aqueous humor samples from both sham-injected and uninjected control eyes were free of inflammatory cells (Fig. 4B ) and maintained only baseline levels of total protein (Fig. 4D ) throughout the duration of the experiment.
ERG. The results of ERG of eyes infected with the wild-type HBL ϩ strain or HBL Ϫ mutant are summarized in Fig. 4C .
Values at 3 h were not included in the study because the retinal responses of injected, surgical control, and absolute control eyes were each diminished at this time. This generalized loss of retinal response in eyes with little to no inflammation was likely the result of the recent anesthetization of the animals, causing a general unresponsiveness to light stimuli. The retinal responsiveness of sham-injected and uninjected control eyes remained preoperative levels throughout the duration of the experiment (Fig. 4C) . The retinal responsiveness of eyes injected with the HBL Ϫ mutant was significantly greater than that of eyes injected with the HBL ϩ strain at 6 h (6) . The results of this assay are depicted in Fig. 3A .
c Presence or absence of bluing, necrotic foci following intradermal injection of 50 l of concentrated B. cereus culture supernatants. The results of this assay are depicted in Fig. 3B .
d Chromogenic TNPAL-sphingomyelinase assay (14) . Values represent the OD 330 of filtered supernatants of 18-h B. cereus cultures (values represent two separate duplicate assays). Values were not significantly different (P ϭ 0.154, Student's t test).
e Presence or absence of turbidity surrounding isolated colonies of B. cereus on egg yolk agar (14) . f Presence or absence of a proteolytic zone surrounding isolated colonies on casein agar.
only (P ϭ 0.01). At 12 h, retinal responses diminished completely in each infection group (P ϭ 0.91). Histological assessment. Immediately following intravitreal injection and at 3 h postinfection, eyes from both infection groups possessed intact retinal architecture, no observable inflammation, and few bacilli in the vitreous. At 6 h, eyes injected with the HBL ϩ strain exhibited a mild to moderate inflammatory response in the anterior segment and the vitreous. Bacilli were observed throughout the vitreous but occurred in greatest numbers at vitreous interfaces and on the posterior surface of the ciliary body. Retinal architecture was disrupted, with retinal detachment, photoreceptor layer folding, and bacilli located within the retinal layers (Fig. 5 ). Eyes injected with the HBL Ϫ mutant exhibited inflammation and B. cereus localization similar to that observed with the HBL ϩ strain (Fig. 5 ). Some normal retinal tissue was seen. Disruption of the retinal architecture and bacilli within the retinal layers was also observed. In general, these eyes were slightly, but not significantly, less inflamed than those infected with the HBL ϩ strain. At 12 h, eyes injected with the HBL ϩ strain exhibited moderate inflammation in both the anterior and posterior segments. Inflammatory cells were interspersed with fibrin in the anterior chamber. Inflammatory cells were observed migrating from the optic nerve head into the vitreous and into the cornea from the limbal vessels. Bacilli were localized in large clusters on the posterior surface of the ciliary body. Moderate disruption of the retinal architecture and severe retinal inflammation were observed. Bacilli remained in clusters within disrupted retinal layers. Eyes injected with the HBL Ϫ strain were histopathologically indistinguishable from those infected with the HBL ϩ strain (Fig. 5) . At 18 h, eyes injected with either strain exhibited severe inflammation in all parts of the eye. Inflammatory cells migrated in more significant numbers into the corneal periphery, forming a corneal ring abscess. Inflammatory cells, fibrin, and erythrocytes filled the anterior segment. Retinal structures were indistinguishable, and the posterior chamber was filled with inflammatory cells and fibrin.
DISCUSSION
Isogenic mutants deficient in single or multiple virulence determinants are used routinely to assess the relative contributions of such factors to the pathogenesis of infection. To our knowledge, this is the first report of the generation of an allelic replacement mutant of B. cereus and its use in assessing the relative contribution of a specific protein to B. cereus virulence.
B. cereus endophthalmitis is unique in its fulminance and invariably devastating outcome. The experimental model used in these studies mimicked several findings of clinical B. cereus endophthalmitis, namely, photoreceptor layer folding, retinal epithelial disruption, ciliary body damage, corneal ring abscess formation, and severe vitritis. Comparison of an isogenic B. cereus mutant deficient in hemolysin BL with its parental strain in this model specifically addressed the contribution of this toxin to natural infection pathogenesis. Previous studies of the contribution of hemolysin BL to endophthalmitis relied on in vitro retinal toxicity studies using purified toxins at concentrations of unknown physiological relevance (5) . The results of the present study show that B. cereus endophthalmitis results in complete destruction of organ function by 12 h, irrespective of hemolysin BL production. Comparable levels of intraocular inflammation, retinal detachment, and photoreceptor layer folding occurred in the absence of hemolysin BL, highlighting the importance of inflammogenic and toxic factors other than hemolysin BL in intraocular virulence.
The present study suggests that while hemolysin BL may contribute to retinal toxicity during the earliest stage of infection (i.e., at 6 h), its role is limited, and the unique virulence of B. cereus for the eye results from other host/parasite interac- tions. A recent study from our laboratory demonstrated the inflammogenic potential of B. cereus cell walls (10) . Metabolically inactive B. cereus and cell wall sacculus preparations did not affect retinal architecture or neuroresponsiveness but did elicit significant intraocular inflammation. B. cereus supernatants resulted in both retinal toxicity and intraocular inflammation, indicating that secreted toxins or other proteins contribute to retinal toxicity, as previously observed (5), and that intraocular inflammation results from the combination of toxins and cell wall constituents. The present study unambiguously demonstrates that in the multifactorial pathogenesis of extraintestinal B. cereus infection, hemolysin BL does not play an essential role. Continuing efforts are directed toward identifying the principle interactions resulting in this unusually explosive infection of the eye and toward defining precisely the role of hemolysin BL and other toxins in gastroenteritis and other diseases caused by B. cereus.
